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Cytoplasmic Domain Filter Function in the Mechanosensitive Channel of
Small Conductance
Ramya Gamini, Marcos Sotomayor, Christophe Chipot, Klaus Schulten.
Mechanosensitive (MS) channels, inner membrane proteins of bacteria, open
and close in response to mechanical stimuli such as changes in membrane ten-
sion during osmotic stress. In bacteria, these channels act as safety valves pre-
venting cell lysis upon hypo-osmotic cell swelling: the channels open under
membrane tension to release osmolytes along with water. The MS channels
of small conductance, MscS, consist of a large cytoplasmic domain (CD)
that features a balloon-like, water filled chamber opening to the cytoplasm
through seven side pores and a very narrow distal pore. The CD is apparently
a molecular sieve, which minimizes loss of osmolytes and metabolytes during
osmoadaptation. Here we use diffusion theory and molecular dynamics simu-
lations to explore the transport kinetics of Glu- and Kþ as representative os-
molytes. We suggest that MscS through the openings of its CD acts as a filter
that balances passage of Glu- and Kþ, and possibly other osmolytes, to yield
a largely neutral efflux and, thereby, reduce cell depolarization in its open
state.Voltage-gated K Channels - Gating I
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Structural Dynamics of the S4 Voltage Sensor Helix in Bilayers Lacking
Lipid Phosphates
Magnus Andersson, Alfredo J. Freites, Stephen H. White, Douglas J. Tobias.
Voltage-dependent Kþ (Kv) channels require lipid phosphate groups for
proper functioning. The S4 helix, which carries the gating charges in the volt-
age-sensing domain, can be inserted into biological membranes while being
stabilized by an hydrogen-bonding network in which lipid phosphates play
an essential role. To identify protein-lipid dynamics and interactions in the ab-
sence of lipid phosphates, we performed molecular dynamics (MD) simula-
tions of a variant of the KvAP S4 sensor (S4mut) in bilayers with and
without lipid phosphates. We find that in bilayers lacking lipid phosphates
(DOTAP), the snorkeling Arg residues are not anchored to the polar head-
group region and hence display more structural flexibility along the bilayer
normal compared to phosphate-containing lipid bilayers (POPC). The in-
creased flexibility of the Arg resi-dues and their close interaction with water
molecules leads to a collapsed hydrophobic core and a water-permeable DO-
TAP bilayer. These results show that lipid phosphates are required for stabi-
lizing the S4mut-containing bilayer.
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A potassium Channel Voltage-Sensing Domain in a Non-Phospholipid
Bilayer
Harindar S. Keer, J. Alfredo Freites, Stephen H. White, Douglas J. Tobias.
Non-phospholipid, cationic 1,2-dioleoyl-3-trimethylammonium propane (DO-
TAP) lipid based membranes fail to support the function of a voltage-depen-
dent Kþ channel due to the lack of phosphate groups (Schmidt et al., Nature
444, 775, 2006). However, the specific effects of the presence or absence of
phosphate groups in the channel membrane environment on the voltage-sens-
ing mechanism remain unknown. To characterize the conformational dynam-
ics and protein-lipid interactions in the absence of lipid phosphates, we
performed all-atom simulations of the KvAP channel voltage-sensing domain
(VSD) in a DOTAP bilayer in excess water. We generated prolonged trajec-
tories for an up-state (Krepkiy et al., Nature 462, 473, 2009) and a down-state
(Schow et al., Biophys J 98, 2857, 2010) conformation of the VSD, and con-
trasted the results with simulations of the VSD embedded in a POPC bilayer.
Pair interaction energies reveal differences in the way each VSD conforma-
tion interacts with the different components of the membrane environment
in the presence and absence of phosphate groups, which result in significant
changes to the system electrostatics. This work is supported by NIH grants
GM74637 and GM86685 and NSF grant CHE-0750175. This research was
supported in part by NSF through Teragrid resources provided by the
TACC at UT Austin.
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Conformational Changes in Lipid Reconstituted Potassium Channel Volt-
age-Sensing Domains
Dmitriy Krepkiy, Sonya Hanson, Klaus Gawrisch, Kenton J. Swartz.
In the voltage-activated potassium channels, S1-S4 voltage-sensing domains
control opening and closing of an associated pore domain. Electrophysiologyexperiments show that in the presence of lipids with positively charged head-
groups, voltage sensors appear to be confined to the resting state (Schmidt,
D., 2006). In order to define the structural changes in voltage sensing domains
we purified the S1-S4 domain from KvAP and reconstituted it in either
a POPC:POPG (1:1) lipid mixture or DOTAP, a positively charged lipid with-
out a phosphate group. Although the a-helical secondary structure is identical
in these lipids as observed by circular dichroism spectroscopy, the fluorescence
properties of single Trp70 in the middle of S2 helix are different. Trp70 fluo-
rescence is quenched when the S1-S4 domain is reconstituted into DOTAP.
This observation is consistent with the changes of the chemical environment
of the Trp70 due to cation-p interactions when voltage-sensing domain is in
the resting state (Tao, X., 2010). We are using solid-state NMR spectroscopy
on voltage-sensing domains reconstituted in different lipids to test this hypoth-
esis. Saturation transfer difference NMR experiments on the 13C uniformly la-
beled S1-S4 protein indicate that protein hydration and exposure to lipids are
not significantly different in POPC:POPG and DOTAP. 13C NMR spectra of
(u)-13C-Trp70 indicate that Ca chemical shifts do not change for Trp70 in dif-
ferent lipids, arguing that the secondary structure is unchanged in this segment
of the S2 helix. On the other hand, 13C and 15N NMR spectra indicate changes
for indole nitrogen Ne and carbon Cz2 consistent with the difference in the
chemical environment of indole ring when S1-S4 domain reconstituted in dif-
ferent lipids. By using two- dimensional solid-state NMR spectroscopy we are
evaluating possible conformational changes between resting and activated
states of S1-S4 domains.1537-Pos Board B447
Phospholipids as a Structural and Functional Determinant for Voltage
Sensors in a Kv Channel
Liang Shi, Hui Zheng, Weiran Liu, Lingyan Anderson, Qiu-Xing Jiang.
Recent studies proposed that phosphodiester groups in a phospholipid bilayer
help stabilize a voltage sensor in its activated conformation. However, the na-
ture of such channel-lipid interaction is unclear. We are studying the structure
and function of the KvAP channel in lipid bilayers. We obtain the structural in-
formation of the channel in membranes by electron crystallographic study of
two-dimensional crystals, and utilize both biochemical assays and electrical re-
cordings to determine the conformational states of the voltage sensors and the
pore domain in reconstituted channels. Our electron crystallographic studies
start to reveal that the KvAP voltage sensors in a phospholipid membrane
can take an alternative conformation, which is different from the expected
four-helix bundle structure observed in the X-ray crystallographic studies of
Kv channel proteins in detergents or mixed detergent/lipid micelles. The func-
tional implications of such a new conformation of the voltage sensor are being
investigated. Our functional studies converge to the conclusion that annular
phospholipids around the channel are required for its voltage sensors to switch
from the deactivated to the activated state. Our data suggest that a phospholipid
bilayer may be an essential factor for the structure and function of a voltage
sensor.1538-Pos Board B448
Molecular Dynamics Study of Structural Elements Relevant to Gating of
Kv Channels
Greg Starek, Simon Berne`che.
Voltage-gated potassium ion (Kv) channels respond to changes in membrane
voltage, enabling Kþ transport across the membrane. While several crystal
structures have been presented in the open conformation, the closed structure
remains unsolved, leaving the gating mechanism of Kv channels unclear.
Here, we present preliminary results of molecular dynamics simulations on
voltage-gated potassium ion channels, with emphasis on the gating of the chan-
nel. Particular attention is placed on potential structural rearrangements of the
S1-S4 helices, including inter-helical and intra-helical interactions within the
voltage sensor. Of interest in the study is the occurrence of 310 helix motifs
in S4, as reported in several crystal structures of potassium ion channels
(Long et al., Science 2005; Long et al., Nature 2007; Clayton et al., Proc.Nat-
l.Acad.Sci.USA, 2008).1539-Pos Board B449
Barium Block of Kv4.2 is Enhanced by Channel Inactivation
Steven J. Kehl, Yen May Cheng.
Ba2þ is frequently used infunctional studies of the topology of potassium-se-
lective pores because it is a permeant blocker. Consequently, the rate and ex-
tent of current block, or unblock, can be quantified to assess changes of the
Monday, March 7, 2011 283apore structure in different recording conditions and in various channel states.
Here we describe experiments in which external Ba2þ was applied to Kv4.2
channels to determine the properties and state-dependence of Ba2þ block. In
the standard protocol, [Kþ]o was 3.5 mM and 10 ms pulses to 80 mV were ap-
plied at 1 Hz from a Vh of 80 to 100 mV. tblock, derived from a monoexpo-
nential fit of a diary plot of the peak current amplitudes, decreased as the
[Ba2þ]o increased, however the value for tblock saturated with higher (20-40
mM) concentrations. This suggests that, as in Kv1 channels, there are serial
binding sites in the resting conformation of the channel. Increasing [Kþ]
from 3.5 to 40 mM decreased the steady-state level of Ba2þ block with 1 Hz
pulses, as expected for a competitive interaction involving one or more binding
sites in the pore. Decreasing the test pulse frequency decreased the extent of
the Ba2þ block and tunblock was markedly decreased by increasing [K
þ]o;
both features are the opposite of what is observed in Kv1 channels. A test pulse
applied following a 10 s exposure to 20 mM Ba2þ revealed roughly 3-fold
greater block of inactivated channels (Vh=0 mV) compared to the block of rest-
ing channels (Vh =-80 mV). This observation supports the widely-held notion
that the outer pore mouth of inactivated Kv4 channels is not constricted, i.e.,
not P/C-type inactivated, but nonetheless implies that the outer pore does un-
dergo a substantial structural change in the transition from the resting to the
inactivated state.1540-Pos Board B450
Closed-State Inactivation of a Voltage-Gated Potassium Channel Involves
Inter-Subunit Interactions
Jessica Wollberg, Robert Ba¨hring.
We study the structural determinants of inactivation in voltage-gated potassium
(Kv) channels of the Kv4 subfamily, which exhibit preferential closed-state in-
activation (CSI). There is strong evidence that dynamic coupling between the
S4S5 linker (S4S5) and the main S6 activation gate (S6) plays a central role
in CSI (Barghaan and Ba¨hring, J Gen Physiol 133: 205-224, 2009). In particu-
lar, absence or loss of contact between S4S5 and S6 is thought to uncouple the
activation gate from the voltage sensor.
Here we examined the role of dynamic coupling between the S4S5 residue Phe
326 and the S6 residue Val 404 in CSI. We expressed Kv4.2 wild-type (wt), the
single mutants Kv4.2 F326A and Kv4.2 V404A, and the double mutant Kv4.2
F326A:V404A in Xenopus oocytes and measured CSI parameters of these con-
structs under two-electrode voltage-clamp. Double-mutant cycle analysis re-
vealed strong thermodynamic coupling between Phe 326 in S4S5 and Val
404 in S6 during CSI (ln Omega at 65 mV = 1.85).
Next we asked whether this dynamic coupling occurs between S4S5 and S6 of
individual alpha-subunits (loss of intra-subunit contact) or two neighboring al-
pha-subunits (loss of inter-subunit contact). To answer this question we cre-
ated dimer constructs of Kv4.2 (1) with a point mutation in S6 of one
subunit and a point mutation in S4S5 of the second subunit (Kv4.2
V404A_F326A), and (2) with a double point mutation in one subunit and
no mutation in the second subunit (Kv4.2 F326A:V404A_wt). Notably,
only the dimer Kv4.2 V404A_F326A was able to reproduce the CSI proper-
ties observed when Kv4.2 F326A:V404A monomers were expressed, whereas
the dimer Kv4.2 F326A:V404A_wt resembled wild-type. Our data support the
notion that CSI in Kv4.2 channels involves dynamic coupling between neigh-
boring subunits.
Supported by the Deutsche Forschungsgemeinschaft (DFG).1541-Pos Board B451
Diversity in Interaction and Gating Modification of Kv4 Channels by
Hptx2
Christopher V. Desimone, Stephanie C. Santoro, Chang Xie, Edward
C. Hoefler, Pooja Makhija, Vladimir E. Bondarenko, Michael J. Morales.
HpTx2 is an inhibitor cysteine knot (ICK) toxin that selectively modifies Kv4
gating. Two bulky, hydrophobic amino acids at positions 275 and 276 in the
S3b transmembrane segment are required for gating modification by HpTx2;
a LV dyad in Kv4.3 and LF in Kv4.1. However, substitutions of other hydro-
phobic amino acids in Kv4.3 at the same position also allow HpTx2 gating
modification, showing that the gross hydrophobic character of the binding
site is key for toxin interaction. An S3b mutation, Kv4.3[N280A], reduced
the Kd value 10-fold. Surprisingly, Kv4.3[(LV275,N280)A] was as sensitive
to HpTx2 as WT Kv4.3. Other hydrophobic amino acid substitutions for
N280 showed similar effects. This suggests that these mutations created an ad-
ditional HpTx2 binding determinant. Gating modification of Kv4.3 is highly
voltage-dependent, while that of Kv4.1 is much less so. Swapping four
non-conserved S3b amino acids between Kv4.1 and Kv4.3 switched the volt-age-dependence of HpTx2 gating modification. To understand this disparity,
we modeled the activation gating of Kv4.3 and Kv4.1 and incorporated the
effects of HpTx2 into the kinetic parameters of activation. Both models fea-
ture four voltage-dependent transitions between closed states followed by
a voltage-independent transition to the open state. The disparity in gating
modification lies in the relative influence of toxin on the voltage-dependent
transitions in the two channels. In Kv4.3, they are more strongly affected
by toxin. In contrast the Kv4.1 voltage-independent transition from the closed
pre-open to open state is most affected by HpTx2. Therefore, a higher propor-
tion of toxin-bound Kv4.1 channels are in the closed pre-open state; this de-
creases the voltage dependence of toxin-bound Kv4.1 opening. These data
show that amino acids near the HpTx2 binding site play a role in the kinetics
of Kv4 channel activation gating.1542-Pos Board B452
Identification of a KV4 Channel Hydrophobic Binding Pocket for the In-
hibitory Effects of Polyunsaturated Fatty Acids
Robert Heler, Jessica A. Bell, Linda M. Boland.
Polyunsaturated fatty acids such as arachidonic acid (AA) inhibit Kv4 potas-
sium channel function. Finding the binding sites of fatty acids to the channel
can provide useful insights into the structural basis of lipid modulation of ion
channels and the molecular mechanisms of lipid regulation of neuronal excit-
ability. We tested the hypothesis that the inhibitory effects of fatty acids on
Kv4.2 channels require access to a hydrophobic binding site within a mem-
brane-embedded region of the channel. We prepared a homology model of
Kv4.2 and used a molecular docking approach to identify residues that may in-
teract with AA. Candidate residues identified by AutoDock Vina were individ-
ually point mutated in the rat Kv4.2 cDNA. Wild-type and mutant RNAs were
then prepared by in vitro transcription and injected into Xenopus oocytes to-
gether with KChIP accessory subunit RNA. The impact of each mutation
was tested by measuring the inhibitory effects of AA using two-microelectrode
voltage clamp electrophysiology. Wild type Kv4.2 peak currents were 30% in-
hibited by a 5 min exposure to 10 mM AA, applied externally. We identified
three mutations that significantly impaired this effect; each showed less than
5% inhibition by 10 mM AA. We assessed the molecular disruption of the
AA binding pocket by simulating the structural change in the molecular model.
In contrast, mutations introduced to other residues located near but not within
the putative binding pocket did not disrupt the fatty acid inhibition of Kv4.2
current, indicating the specificity of the residues which comprise the binding
pocket. Our results suggest that AA may inhibit Kv4 channel function by inter-
fering with the function of structural domains which are not in the permeation
pathway.1543-Pos Board B453
Protein Kinase C Influence on Kv4.3 Closed State Inactivation
Chang Xie, Stephanie C. Santoro, Harold C. Strauss, Michael J. Morales.
Kv4.3 is expressed as a short and a long form that differ by a 19 amino acid
insertion downstream from the S6 transmembrane segment. It is typically ex-
pressed with ancillary subunits, the most prominent of which are cytoplasmic
proteins called KChIPs. Activation of PKC by phorbol esters modulates
closed-state inactivation (CSI) in Kv4.3. PKC reduces CSI in the short
form of Kv4.3 (Kv4.3S), however, the 19 amino acid insertion in Kv4.3L
changes the effect to increasing the magnitude of CSI through phosphoryla-
tion of a threonine unique to the long form. KChIP2b blocks the effect of
PKC on CSI in both Kv4.3S and Kv4.3L. In contrast, 70-amino acid
KChIP2d was permissive for PKC modulation of CSI characteristic seen
in both forms of Kv4.3. These data suggested the presence of additional
PKC phosphorylation sites in Kv4.3. Bioinformatic analysis suggested that
the most likely PKC phosphorylation sites were in the N-terminal cytoplas-
mic domain of Kv4.3 at S47, T53, T100 (all in the T1 domain), and S165 (in
the T1-S1 linker). Mutagenesis of any of the four amino acids reduced CSI;
T53, T100, or S165 were influenced by PKC to a much lesser extent than
WT Kv4.3S, while S47A dramatically reduced CSI. In all cases, there was
little difference between mutations in the short and long Kv4.3 isoforms.
Mutations in S6 at amino acids V399 and V401 have been shown to have
dramatic effects on CSI. In the presence of these mutations, the Kv4.3L in-
sert has no influence on CSI upon PKC induction. These data suggest that
the isoform-specific modulation of CSI by PKC in Kv4.3 involves complex
interactions of the cytoplasmic N and C termini of the channels, and that the
phosphorylation of the long form acts by separate and perhaps unique mech-
anism.
